Abstract: Mass spectrometry (MS) is becoming increasingly popular in the field of structural biology for analyzing protein three-dimensional-structures and for mapping protein-protein interactions. In this review, the specific contributions of chemical crosslinking and native MS are outlined to reveal the structural features of proteins and protein assemblies. Both strategies are illustrated based on the examples of the tetrameric tumor suppressor protein p53 and multisubunit vinculin-Arp2/3 hybrid complexes. We describe the distinct advantages and limitations of each technique and highlight synergistic effects when both techniques are combined. Integrating both methods is especially useful for characterizing large protein assemblies and for capturing transient interactions. We also point out the future directions we foresee for a combination of in vivo crosslinking and native MS for structural investigation of intact protein assemblies.
Introduction
The aim of structural biology is to elucidate the three-dimensional (3D) structure of proteins and protein complexes to understand the reason why and how they acquire the structures they have, how it facilitates their cellular activity, and how structural alterations affect function. Therefore, the gold standard in structural characterization is to elucidate protein 3D structures at atomic resolution, using either X-ray crystallography or nuclear 12 In this review, we will specifically focus on the contributions made by chemical crosslinking 9, 14 and native MS [6] [7] [8] for revealing the structural features of proteins and protein assemblies. Native MS maintains protein complexes intact within the mass spectrometer, by preserving weak noncovalent interactions between protein subunits and associated biomolecules, whereas crosslinking delivers distance information of specific residues within protein assemblies. Although each method has its own advantages and limitations, we will highlight their synergistic value when used in combination ( Fig. 1) . We begin by describing the different aspects of information that can be gained through using each individual technique, and then outline the additional capabilities that emerge when the two methods are integrated. We will also point out the challenges that lie ahead as well as the future directions we foresee for this hybrid approach.
General Aspects of Protein MS
MS is a method in which the mass-to-charge ratio (m/z) of an ion is measured. The analytes are first ionized and transferred into the gas phase before they are separated according to their m/z ratios in the mass analyzer. Finally, ions that emerge from the mass analyzer are sensed by the detector. One of the most prominent ways to ionize a protein sample is electrospray ionization (ESI), 16 whereby voltage is applied to a liquid to create an aerosol. Although ESI is the method of choice for the applications we describe here, a complementary soft ionization technique is matrix-assisted laser desorption/ionization (MALDI), which involves the cocrystallization of the analyte with a dedicated matrix and ionization and desorption with a pulsed laser beam. [17] [18] [19] [20] In fact,
there are a few reports where MALDI-MS has been used in combination with chemical crosslinking to analyze intact protein complexes. 21, 22 To date, multiple types of mass analyzers (e.g., ion trap, time-of-flight [TOF] , quadrupole, orbitrap) are available and as a result, a number of configurations of mass spectrometers, each of which vary in Figure 1 . Advancing structural investigation of large protein assemblies by integrating native MS and chemical crosslinking MS. The analysis of the intact protein complexes by native MS can provide information on the composition, stoichiometry, subunit architecture, and topological organization of an assembly. Chemical crosslinking/MS can probe protein surface topology, reveal specific protein-protein interaction sites, and map the intermolecular subunit contacts of protein complexes. Consequently, "marrying" these two complementary approaches and using the structural data provided by each method will facilitate investigations of challenging protein systems: for example, dynamic assemblies or proteins that are not amenable to highresolution structural techniques such as X-ray crystallography or NMR. Here, this combination is demonstrated for studying interaction between a large multisubunit complex and a relatively small protein, for characterizing labile protein interactions, and for generating 3D, near-atomic models, when combined with computational modeling.
their capabilities and limitations, can be designed for different purposes. Hybrid instruments that are based on a combination of two or more mass analyzers allow to perform tandem MS (MS/MS) experiments. 23 In this type of analysis, a specific m/z ratio is isolated from the rest of the ions, and activated within a collision cell to induce their dissociation into smaller components. Various dissociation methods which yield complementary information may be applied, as collision-induced dissociation (CID), electron-transfer dissociation, electroncapture dissociation, and surface-induced dissociation (SID). [24] [25] [26] The ions thus produced are then analyzed in the second mass analyzer yielding structural and sequential data as described below. The analysis by both chemical crosslinking/MS and native MS require prior purification of the protein or protein complex of interest. This can be achieved by overexpression and purification of a recombinant version of the studied system. In case of investigating protein assemblies, the individual components have to be purified to reconstitute the whole complex in vitro; alternatively, in vivo reconstitution can take place by coexpressing the various subunits. 27 Although reconstituted systems usually benefit from large yields that facilitate the structural analysis, they are often employed using bacteria (in most cases Escherichia coli) as the host system. As a consequence, post-translational modifications, and associations with interacting protein partners, may be lost. Therefore, various biochemical approaches have been developed that enable the isolation of endogenous protein complexes directly from cells or tissues. For example, one of the subunits is labeled with a tag (e.g., FLAG, His, glutathione-S-transferase, tandem affinity purification), which is then used as a bait for isolating the entire protein complex by affinity chromatography applying conditions that maintain the integrity of the protein complex. 28 Notably, the degree to which the sample is purified will dictate the quality of the data that are obtained in the subsequent MS analysis.
The Principles of Chemical Crosslinking/MS
During the last 15 years, chemical crosslinking, combined with enzymatic digestion and MS analysis of the reaction products, has evolved into an alternative strategy to structurally resolve protein-protein interactions. 29 Crosslinking enables the establishment of a set of structurally defined interactions by covalently connecting pairs of functional groups within a protein. From the constraints obtained by the chemical crosslinks, distance maps can be created within a protein or a protein complex, which will serve as the basis for deducing low-resolution 3D structures. [30] [31] [32] The strengths of the crosslinking/MS strategy include the theoretically unlimited size of the protein or protein complex under investigation, and the minimal sample requirements in the femto-to attomole range, owing to the high sensitivity of MS analysis. Recently, the chemical crosslinking/MS approach has generated interest among system biologists and highly promising results indicate that the technique may be applied to map complex protein networks directly in cells.
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Types of crosslinkers
Nearly 40 years ago, N-hydroxysuccinimide (NHS) esters were introduced as homobifunctional, highly The length of the carbon chain connecting both NHS groups determines the distance between the two reactive amino acid side chains that the crosslinker can bridge. In the case of bis(sulfosuccinimidyl)suberate (BS 3 ), Ca-Ca distances between 26 and 30 Å have been found to be connected by the linker. 40 To facilitate the identification of crosslinks in the mass spectra, isotope-labeled, that is deuterated crosslinkers are employed to facilitate the identification of the crosslinked peptides. However, it is impossible to ignore the retention time shift of deuterated compounds in reversed phase liquid chromatography (RP-LC), which prevents crosslinked species from coeluting. 38 Therefore, using 13 Clabeled reagents should be preferred over the application of deuterated reagents. In addition to targeting amine groups, crosslinkers are available that react with sulfhydryl groups in cysteines 41 or with acidic residues. 42, 43 An additional class of compounds, known as photoreactive crosslinkers, holds great promise for conducting chemical crosslinking under in vivo conditions. 44 The lower specificity of the crosslinking reaction also allows membrane-spanning regions in proteins-containing a high number of hydrophobic amino acids-to be targeted. Also, the potential to conduct crosslinking reactions in a two-step fashion, make photoreactive crosslinkers an attractive choice for mapping protein-protein interactions. The photoreactive group is induced to react with the target molecules by exposure to long-wavelength UV light. Photoreactive reagents include azides, diazirines, diazo compounds, and benzophenones. 29 Most of the photoreactive crosslinkers are heterobifunctional reagents, which in addition, possess an aminereactive group. From our experience, we consider diazirine-and benzophenone-based crosslinkers to be most useful for protein 3D structure analysis and for mapping protein-protein interactions.
MS/MS cleavable crosslinkers
Crosslinkers that dissociate under CID conditions in the mass spectrometer may be utilized to facilitate the identification of crosslinked products based on the characteristic fragment ions and constant neutral losses in MS/MS spectra. [45] [46] [47] Out of the array of available MS/MS cleavable linkers, two highly promising examples are shown in Scheme 2. Both crosslinkers contain CID-labile groups, that is, a urea moiety as in the "urea-linker" 46 or a sulfoxide as in the disuccinimidyl sulfoxide (DSSO) crosslinker. 47 The unique feature of both crosslinkers is their ability to create characteristic marker ions, which is the basis for discriminating inter-and intrapeptide crosslinks from peptides that are modified by a partially hydrolyzed crosslinker ("deadend" crosslink) (Scheme 1). MS/MS cleavable linkers are especially advantageous in the study of large protein assemblies where the mass spectra are highly complex and one has to sift through large data sets. The DSSO crosslinker has been successfully employed in a recently published study to investigate the Cmr complex by an integrative structural biology approach. 48 The molecular architecture of the Pyrococcus furiosus Cmr complex, which is an RNA-guided endonuclease that cleaves foreign RNA targets as part of the CRISPR prokaryotic defense system, was investigated by combining a number of different structural biology techniques. The crystal structures of Cmr1, Cmr2, Cmr4, and Cmr6 were combined with known structural information to interpret the cryo-EM map of the complex. To support the determination of structure, chemical crosslinking with the MS/MS cleavable DSSO linker (Scheme 2) was employed, resulting in a pseudoatomic model of the complex.
How to conduct chemical crosslinking experiments
For each protein system under investigation, the optimum crosslinking conditions, in respect to reaction time and excess of crosslinker, have to be carefully evaluated. Over-crosslinking has to be avoided to keep the protein's native conformation intact. After the crosslinking reaction, the enzymatic digestion may be conducted with a mixture of proteases, such as AspN or GluC (cleaving N-or C-terminally of acidic amino acids) and trypsin (cleaving C- terminally of arginines and lysines). In most crosslinking applications where lysines are targeted, one has to consider a reduced digestion efficiency of trypsin at modified lysines resulting in larger peptides. When choosing the optimum protease for digestion, one should aim for crosslinked products with a maximum size of about 4 kDa, which is in most cases best achieved by using a mixture of proteases.
Data analysis
Identifying crosslinked peptides poses additional difficulties for data analysis as the number of potential crosslinks grows quadratically, with increasing sample complexity. Thus, novel bioinformatic tools are required to examine the large data sets generated during MS and MS/MS analyses of the peptide mixtures. Considerable efforts have been made to develop specific software tools that are capable of analyzing these complex data sets; nevertheless, software that enables the fully automated analysis of MS and MS/MS data created from crosslinked product mixtures is still lacking. When doing in vivo crosslinking studies inside the cell without prior purification of the protein, calculation times can be very long as all database entries for one organism have to be screened for crosslinked products. The current bottleneck in data analysis must be resolved if chemical crosslinking is to evolve into a generally applicable and rapid method for global structural proteomic studies, underscoring the need to develop novel, powerful bioinformatics strategies. To date, nearly every group working on chemical crosslinking/MS has developed their own software, making it hard to keep track of the most recent developments. 49 An attempt of a compilation of currently available crosslinking software is provided in Table  I . In our lab, we rely on our in-house developed software StavroX, which is freely accessible. 63 To screen data originating from MS/MS cleavable crosslinkers for the presence of characteristic fragment ions, the MeroX software has been introduced recently. 64 
Analysis of full-length p53 tetramer
One recent example for the application of crosslinking/MS is the structural analysis of the tumor suppressor protein p53. This homotetramer contains a high percentage of intrinsically disordered regions, making it inherently difficult to study the fulllength protein by conventional methods for protein 3D structure analysis. Full-length wild-type human p53, that is, without the stabilizing mutations M133L/V203A/N239Y/N268 that are generally employed for studying the structural properties of this assembly, was subjected to chemical crosslinking with a homobifunctional amine-reactive compound. 70 To discriminate between crosslinks that are created between two p53 monomers (intermolecular crosslinks) and crosslinks that are created within one p53 monomer (intramolecular crosslinks), a 1:1 mixture of 14 N-and 15 N-labeled p53 was used. 60, 70, 72 The crosslinking data of full-length p53 in the absence of DNA were in overall agreement with the full-length model of p53 that was derived based on a The names of the programs as well as the web addresses are given.
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the SAXS experiments, 73 but they also revealed a great flexibility in the unstructured C-terminal region of p53 (Fig. 2) . To date, structural data of full-length p53 the in absence of DNA are rare, with two existing structures (SAXS and EM data) that exhibit drastic differences in the molecular organization of p53. 73, 74 Based on the crosslinking/MS data, it was determined that the regulatory domains of different p53 monomers are much closer to each other than perceived by the existing SAXS model. Particularly, crosslinks involving residues of the tetramerization and regulatory domains can be explained only by a more compact arrangement of full-length p53 tetramer. In contrary, the EM structure cannot be brought in agreement with our crosslinking data. This study demonstrates that chemical crosslinking/MS proves valuable for deriving 3D structural information of proteins containing a large amount of intrinsically disordered regions where high-resolution structural methods usually fail.
The Basics of Native MS
The field of native MS is based on the ability to maintain protein complexes intact within the mass spectrometer, by preserving weak noncovalent interactions between protein subunits and associated biomolecules such as DNA, cofactors, and ligands. [6] [7] [8] Although mass is a one-dimensional property, combining information from analysis of the intact complex with that of the smaller subcomplexes generated can yield 3D structural information on the protein assembly. The details on the composition, stoichiometry, and subunit network of the protein complex as well as insights regarding its heterogeneity and dynamic interactions can be obtained. [6] [7] [8] 13, 75 In addition, coupling native MS with ion-mobility (IM) provides valuable information on the overall topology and shape of the assembly. 76 Below, we describe the steps taken to derive this structural information and demonstrate the application of the method for the membranecytoskeletal protein vinculin and the hybrid complexes it forms with Arp2/3, a complex that nucleates actin polymerization and branching 77 (Fig. 3) .
Instrumentation for high-molecular-weight analysis
Typically, native MS analysis has mostly been performed using a nano-electrospray ionization source (nESI) coupled to a quadrupole-time-of-flight (Q-TOF) mass analyzer, modified for high mass analysis. 78, 79 In essence, nESI is a miniaturized version of the ESI source, 80 which enables lower flow rates (nL/min) of the ionized solution, in comparison to conventional ESI (mL/min). Consequently, the desolvatation process is more efficient, thus requiring smaller amounts of sample. Typically, spectra are produced by using 1-3 mL of sample in the micromolar range, which is loaded into gold-coated borosilicate or quartz capillaries with a tip diameter on the order of 1 mm. 81 To maintain the noncovalent interactions of large complexes within the Q-TOF mass spectrometer, higher pressures are often used in the initial vacuum stages of the instrument to stabilize the macromolecular protein complexes. 79 In addition, low-frequency quadrupoles are employed to broaden the mass-resolving capabilities to include species with m/z values exceeding that of 6000. This, however, comes at the expense of resolution. 78 Recently, the analyses of large protein complexes have also become feasible by using a modified Orbitrap instrument. 82 Unlike the TOF mass analyzer, which measures flight times, the Orbitrap analyzer measures the axial frequency of oscillation of trapped ions along a central electrode. 83 It is estimated that the upper limit of the instrument for intact protein complexes is currently at m/z of 25,000-30,000, corresponding to a mass of roughly 5 MDa in positive ion mode nESI. 84 Furthermore, the ability to select a precursor ion for MS/MS analysis was lately incorporated within the Orbitrap instrument. 85 Overall, although the extended mass range
Orbitrap analyzer is still in its early days, it holds great promise to advance the field of native MS owing to its enhanced resolution and impressive sensitivity, features that will likely assist in broadening the scope of applications of this method to less abundant protein assemblies.
Mass determination of protein complex subunits
In general, the investigation of protein assemblies by means of native MS is a multistep process. First, the unique mass of each of the protein components in the sample is defined. This is a crucial stage as assigning a mass to a specific subunit based on information contained in a protein sequence database is often not reliable. Many proteins derived from eukaryotic sources are truncated and posttranslationally modified to such an extent that there is no correlation between the final product and the theoretical mass. This scenario is especially prominent when studying uncharacterized endogenous protein complexes isolated directly from cells. One way to define the exact mass of each of the individual subunits is through MS analysis of a denatured solution of the protein complex. 86 Although this method enables accurate mass measurements of the individual components in a single step, overlapping charge states may often complicate the analysis. To overcome this challenge, a LC separation method prior to MS analysis may be utilized. Such an approach has recently been demonstrated by using a monolithic column 87 in which the constituent subunits of a protein complex were separated on the column, based on their size and chemical properties. The eluate was then split into two parts: One fraction was sprayed directly into the mass spectrometer to accurately determine the mass of the individual subunits, whereas the second fraction was collected into a 96-well plate for subsequent identification by proteomic analysis. Based on the elution profile, the identities of subunits can be accurately correlated with their mass. 87 In the case of the vinculin-associated protein complexes, we determined the precise masses of all protein components within a purified fraction isolated from smooth muscle tissue by a combination of MS/MS analysis and the monolithic column-based approach. The chromatography pattern of the monolithic column and the online ESI mass spectrum of vinculin are shown in Figure 3 (A), alongside with a summary of all protein components that coexisted within the sample [ Fig. 3(B) ].
Structural characterization of intact protein complexes
Once the unique mass of each subunit has been assigned, the structural properties of the intact complex can be investigated. To this end, the sample is dissolved in nondenaturing MS-compatible volatile buffers that preserve the integrity of multisubunit complex. In addition, conditions within the mass spectrometer are optimized to preserve noncovalent interactions and mass spectra of the intact complex are then recorded. By measuring the mass of the protein assembly, taking into consideration the masses of the individual subunits, the composition and stoichiometry of subunits are tentatively assigned. In cases of multicomponent assemblies, in which multiple subunit combinations are possible, it is often beneficial to use algorithms that are capable of calculating all possible compositions within a given error range based on the molecular masses of the subunits. 88 MS/MS analysis can then be used to validate the assignment (as described below). One powerful advantage of MS is that all coexisting protein complexes as well as subpopulations of a single assembly can be detected within a single spectrum. As a consequence, the dynamic nature, heterogeneity, and structural plasticity of protein complexes can be revealed. For example, when the sample of vinculin-associated proteins was analyzed, three coexisting protein complexes corresponding to vinculinArp2-Arp3-p21-p34, vinculin-a actinin-Arp2-Arp3-p34, and the intact Arp2/3 were identified [ Fig. 3(C) ].
Despite the overlapping charge states, the composition of the complexes could be unambiguously determined based on the assigned unique masses of each of the proteins [ Fig. 3(B) ] and the use of the "SUMMIT" algorithm, which calculates all possible protein compositions that add up to the target mass within a given error range. 88 Notably, several additional software packages have been developed to assist in the analysis of such complicated spectra. [89] [90] [91] Furthermore, different volatile buffers that are compatible with MS (e.g., ammonium acetate, ethylenediammonium diacetate, and triethylammonium acetate) or reagents that can modulate the number of charges per molecule, can be screened for their ability to enhance the separation between sample components, thereby enabling an unambiguous assignment of signals.
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Figure 3.
The ability to isolate a discrete m/z value and induce its dissociation within the mass spectrometer as it is achieved in MS/MS experiments, is a critical step in the structural characterization process. The MS/MS pattern enables confirmation of the composition of the intact complex or its subcomplexes [ Fig.  3(D) ]. This is typically done by CID (see above), by colliding the ions with neutral gas atoms or molecules. 96 These multiple collisions lead to chargedriven unfolding of a monomer, which may then be expelled from the complex. 97 The pattern of MS/MS spectra generated by this method allows distinguishing between core and peripheral subunits of the assembly. Peripheral subunits characterized by a relatively small contact interface with the surrounding subunits will be the first ones to be expelled from the complex after an increase in collision energies, whereas core subunits will be protected from such exclusion. 98 An alternative activation method is SID in which the selected ions collide with an inert surface in a single fast and high-energy event. 99 This gives rise to direct dissociation of the complex into folded subunits and subcomplexes without large-scale structural rearrangements. Particularly, SID tends to selectively disrupt weak protein-protein interfaces. As a consequence, this activation method provides information on the quaternary structure of the assembly by releasing substructures representing the native topology. By generating an array of smaller subcomplexes, a subunit interaction map of the complex can be deciphered 86, 100 Such subcomplexes can be produced either in solution, by manipulating the pH, increasing the ionic strength, or adding organic solvents to the buffer [ Fig. 3(E) ]. Alternatively, complexes can be created within the mass spectrometer by CID or SID activation as outlined above.
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Based on the overlapping components within the subcomplexes, the connectivity network between subunits is built. 88 To better understand how subunits are packed, and what is the 3D arrangement of a protein complex, IM-MS can be used. 12, 102, 103 This method measures the time it takes for an ion to travel through a dense environment of gas molecules of neutral charge under the influence of a weak electric field, thus yielding a drift time value for each ion [ Fig. 3(F) ]. The drift time is dependent not only on the ion's mass, but also on the overall shape of the analyzed protein complex: An assembly with a large volume will experience more collisions with the background gas, and consequently travel more slowly than a complex with the same mass, but a more compact structure. The measured drift time can then be converted to collision cross-section (X) values, which reflect the 3D shape of the ion. 12, 102, 103 However, experimental conditions have to be carefully evaluated to maintain not only the noncovalent interactions, but also the native structural properties of the ions and avoid conformational collapse or unfolding. 104 Overall, collision crosssection values derived from IM-MS data have been extremely valuable in providing information on the overall size and 3D organization of protein assemblies, especially when combined with subunit Figure 3 . The cytoskeleton protein vinculin forms hybrid complexes with components of the Arp2/3 actin polymerization complex as revealed by native MS analysis. Cytoskeleton-related complexes from chicken gizzard smooth muscle were subjected to purification by stepwise ammonium sulfate precipitation, gel filtration, and anion exchange columns. The fraction that contained vinculin, a-actinin, and all seven subunits of the Arp2/3 protein complex, based on proteomic MS analysis, was further characterized by native MS. (A) Initially, the precise mass of protein components was determined by using a monolithic column-based approach in which protein constituents were separated prior to MS on an LC system using a monolithic column under denaturing conditions. A small portion of the flow was directed online into the mass spectrometer, for mass measurements of intact proteins and the remaining flow was fractionated for subsequent proteomic analysis. interaction maps and homology modeling approaches. [105] [106] [107] A comprehensive list of achievements reflecting the diverse capabilities of native MS would encompass assemblies as large as virus capsids, 84, 108 multicomponent and asymmetric assemblies, such as the COP9 signalosome complex, 86 as complicated as poly-disperse systems, 91 and as challenging as membrane protein complexes. 109 Based on the MS data, atomic models of protein assemblies have been generated, 88 and insights into the molecular mechanism of action of protein complexes were obtained. 95 In addition, the speed of analysis and separation afforded by MS place the method in a respectable position to capture dynamic processes such as protein folding, 95 assembly, 110, 111 and subunit exchange reactions. 112 Nevertheless, like any experimental technique, native MS has its own limitations, which are discussed below. Therefore, the combination with a complementary experimental technique, such as chemical crosslinking/MS, will not only offer a more comprehensive structural description of protein assemblies, but will also enable the examination of protein systems that, until now, have been resistant to characterization by native MS alone.
When the Whole is More than the Sum of its Parts: Integrating Chemical Crosslinking/MS with Native MS
Each of the two MS-based methods described abovechemical crosslinking/MS and native MS-has its specific advantages. Native MS combined with IM measurements is a powerful approach for determining the stoichiometry and connectivity between subunits and for defining the topological arrangement and overall architecture of protein assemblies. Yet, this method cannot identify the direct binding region within the complex, localize specific binding interfaces, or detect fleeting protein interactions. These features, however, can be resolved by chemical crosslinking analysis-a method that may be challenged when forced to reveal the structural organization of multicomponent complexes, which lack any prior structural knowledge. Consequently, integrating these two complementary techniques would be a natural step toward a more complete characterization of protein assemblies.
In the following section, we will discuss the added value that we believe is achieved when native MS and chemical crosslinking/MS are combined. We specifically focus on challenging scenarios that can be resolved by integrating the two approaches, such as the case when studying the interaction between a large multisubunit complex and a relatively small protein, or when probing transient interactions. We then describe a hybrid approach in which the two MS-based methods join forces with other structural biology approaches to provide a comprehensive analysis of difficult-to-study biological systems. Finally, challenges and future directions are presented.
Unraveling the Regulatory Mechanisms of Protein Complexes
Large protein complexes orchestrating fundamental cellular activities are often activated or deactivated through interactions with individual proteins that are much smaller in size. For example, the folding activity of the 1-MDa eukaryotic Chaperonin Containing Tcp1 (CCT) complex, responsible for maintaining protein folding homeostasis in cells, is modulated by interactions with phosducin-like protein 2 (PLP2, 38 kDa). 113 Similarly, protein degradation by the 750 kDa 20S proteasome complex is inhibited by interactions with small homodimeric proteins as NAD(P)H:quinone-oxidoreductase-1 (NQO1, 31kDa) and DJ-1 (20 kDa). 114, 115 Unraveling the molecular mechanism underlying the action of such regulators requires the structural characterization of their interactions with the complex they control. This task, however, is not simple, considering the relatively small size of the regulator, and the large dimensions of their associated protein assembly. Native MS analysis of a sample containing a mixture of the protein complex of interest and its regulator can primarily provide information on the existence of such an interaction and the affinity of the composing parts. 116 A combination of MS and MS/MS experiments makes it possible to define the stoichiometry of the interaction; that is, the number of regulators that are bound to the protein complex. Coupling IM might even enable the identification of the area in which the regulatory protein binds. However, the specific sites of association between the regulator and the molecular machine, which would yield clues to the mechanism of its action, will remain elusive. This lack of information could be filled by chemical crosslinking results.
To map the exact sites where the regulator interacts with the protein complex, crosslinking experiments can be performed using either a homobifunctional or heterobifunctional crosslinker. Reactions with a homobifunctional crosslinker involve a single-step reaction, which yields both inter-and intramolecular crosslinked peptides (Scheme 1). One advantage of this type of analysis is that if part or all of the protein components have known highresolution structures, the quality of the results can be assessed by validating the applicability of the identified intrasubunit crosslinked peptides in the crystal structures. 117, 118 The drawback, on the other hand, lies in the generation of a complex mixture of peptides, comprising a high background of unmodified linear peptides. As a consequence, the signal intensities of crosslinked peptides are low and data interpolation is challenging. The use of a heterobifunctional crosslinker can ease these difficulties.
In this type of reaction, two steps are involved. First, one reactive site of the crosslinker is reacted with the small regulator. After the removal of excess crosslinker, a different type of chemical reaction, preferably a photoreaction, is performed, using the second functional group connecting the regulator and its associated protein complex. This two-step approach reduces the formation of high-molecularweight aggregates and eliminates the formation of intramolecular crosslinks within the larger complex, thus simplifying data analysis. Functional regulation of a protein complex can also be achieved by post-translational modifications, especially by phosphorylation. 120 The addition of multiple phosphate groups, which add both negative charge and volume, can reversibly alter the conformation and stability of the assembly, resulting in the modulation of intrinsic biological activity. This was recently demonstrated for the membrane motor F 1 F O -ATPase complex, in a study that effectively combined native MS and chemical crosslinking/ MS. 121 Mass spectra of the intact ATPase complex clarified the number of nucleotides bound to the complex. A dephosphorylated enzyme, however, displayed reduced nucleotide occupancy and decreased stability. Using the lysine-specific deuterated and nondeuterated crosslinker BS 3 and comparing the crosslinking patterns of untreated and dephosphorylated ATPase, it was possible to probe the conformational changes that occur at the catalytic interface, providing a rationale for reduced nucleotide occupancy. Thus, the synergy of approaches uncovered the effect of phosphorylation on the dynamic subunit interactions within a membraneembedded protein complex.
Stabilizing Transient and Dynamic Protein Complexes
Transient or dynamic protein-protein interactions, which form and break easily, are important to many aspects of cellular function, including protein folding, modification, transport, intracellular signaling, and regulation of the cell cycle. 122 Therefore, characterizing these interactions is critical to the understanding of various biological processes; yet, owing to their labile nature, they are technically difficult to study and harder to detect than more stable interactions. For example, the yeast initiation factor 3 (eIF3), which is a hexameric subunit assembly, has so far resisted high-resolution structural determination owing to its dynamic nature. However, an integrated approach combining both native MS and chemical crosslinking/MS provided a 3D topological model of the complex in association with eIF5, an additional initiation factor. 123 Specifically, a list of interacting subcomplexes was derived by performing controlled dissociation of activated complexes in the gas phase or by disruption in solution and determining the composition of the complexes by native MS. Additional interactions were extracted by chemical crosslinking using both deuterated and nondeuterated BS 3 . Collectively, this information was encoded as subunit connectivity restrains, which were included in a scoring function for building 3D topological models of the protein assemblies. An additional crosslinking technique for comprehensive profiling of protein interactions network, including weak and/or transient components, is QTAX (quantitative analysis of tandem affinity purified in vivo crosslinked protein complexes). 124 In this method, a snapshot of the stable and transient interactions is formed in vivo, using formaldehyde. The captured protein complexes and their interacting proteins are isolated by a two-step affinity purification procedure under fully denaturing conditions, using a histidine-biotin-histidine-tag. The purified proteins are then identified by LC/MS/MS, and the protein-protein interactions can be differentiated from background proteins based on their stable isotope labeling of amino acids in cell culture (SILAC) ratios. If a protein is a background protein, then it is purified in equal amounts from both the tagged and the control strains, and all peptides representing that protein will elute as a pair with a SILAC ratio of 1. In contrast, protein interaction partners will be enriched in the tagged sample. This strategy was used to identify the 26S proteasome interaction network, which involves hundreds of proteins intertwined in several critical cellular processes. 124 We envision an alternative approach for combining in vivo chemical crosslinking/MS with native MS (Fig. 4) . To identify the interactions within the cellular environment and reveal their spatio-temporal regulation in response to various different biological stimuli, cells will be cultured in different isotopelabeled media, containing combinations of 13 C-and 15 N-labeling. Differential incorporation of the stable isotopes will enable distinguishing the different forms of the same peptide owing to their mass differences. In addition, diazirine-containing photoreactive amino acids, such as photo-methionine and photo-leucine, may be used. 125 These photoreactive amino acids are known to be endogenously incorporated into the sequence of proteins during translation, substituting for methionine and leucine. Crosslinks are formed between spatially close amino acids upon activation with UV-A irradiation of the cell culture. This approach enables efficient control of covalent bond formation compared to the formaldehyde crosslinking used in the QTAX approach described above. 124 Protein complexes can be detected by incorporating an affinity tag into the protein of interest which is used as bait for pulling down interacting proteins. Isolation of the tagged protein can then be performed under either native or denaturing conditions, before and after photoactivation, respectively. Pull-down experiments under native conditions enable characterization of the complex stoichiometry, heterogeneity, and architecture, by means of native MS. This step does not require the isotopic labeling; however, by harnessing the same experimental setup insight into the composition, stoichiometries and interactions of the protein complex components can be gained. In addition, validating the integrity of the isolated protein assembly will reduce false positives; that is, copurified components, which are a major source of error in highthroughput affinity purification, followed by MS. Pull-down experiments of the bait protein under denaturing conditions will maintain interactions with neighboring proteins fixing even weakly associated components, which will be identified after enzymatic digestion by LC/MS/MS analysis. The latter will provide interaction contacts at the individual peptide level. The different combinations of 13 C-and 15 N-labeling will allow quantifying different crosslinked products in respect to the conditions used for cell growth, giving insights into altered protein interactions. The strength of this integrated strategy is the coupling of two complementary MS approaches in a single biological setup.
From Low-Resolution Structures to High-Resolution Models
Native MS as well as crosslinking/MS are lowresolution 3D protein structural techniques. However, by integrating these data with information produced by complementary structural biology techniques and computational molecular modeling approaches, atomic resolution structures can be generated. 88, 117, 118, 126 This is exemplified by two recent studies combining EM, native IM-MS, and computational modeling to determine a 3D structural model of the multisubunit CRISPR complex. 127, 128 Another excellent study integrated cryo-EM and crosslinking/ MS data to determine the architecture of the 39S large subunit of the mammalian mitochondrial ribosome. 129 The cryo-EM structure at 4.9 Å resolution, combined with data from chemical crosslinking/MS, revealed structural features at near-atomic resolution and provided detailed insight into the architecture of the polypeptide exit site. The model of the 26S proteasome complex is yet another example of a structure that benefited from a hybrid approach, combining chemical crosslinking, cryo-EM, X-ray crystallography, and proteomic approaches. 118 Thus, the synergy between MS-based techniques, and Chemical crosslinking is then induced by UV-A illumination, forming a covalent bond with nearby protein side chains. Protein-protein interactions are identified by combining denaturing and native lysis conditions with pull-down experiments, using an affinity tag. Pull-down experiments under native conditions, before the formation of crosslinks, will enable to define subunit stoichiometries and characterization of all interacting proteins within the complex, using native MS. This step can also be performed in the absence of isotope labeling. Illuminating the sample with UV-A light will produce crosslinks capable of capturing even transient and weak interactions. These will be identified after pull-down experiments under denaturing conditions and analysis by both native MS and peptide MS profiling. The former provides a direct identification of the protein-protein interaction sites. MS/MS analysis of crosslinked products allows quantifying altered protein complex formation upon altered biological conditions based on 13 C-and 15 N-labeling.
structural methods such as X-ray crystallography, NMR, and EM, gives rise to a powerful approach for structural investigations of protein assemblies, especially for the examination of complex systems that are resistant to characterization by any single technique.
Conclusions
In view of the impact that integrative approaches have had on structural biology, we trust that combining chemical crosslinking/MS with native MS will yield mutual benefits. As highlighted in this review article, both techniques are complementary on many levels. 121, 130 The two methods can handle large, heterogeneous, and dynamic protein complexes and tolerate protein impurities. Both methods can identify protein interactions, with chemical crosslinking/MS providing the specific interaction sites at peptide resolution, and native MS defining the interaction network and stoichiometry on the subunit level. Similarly, the spatial arrangement of subunits can be determined at the local and global levels by chemical crosslinking/MS and IM-MS, respectively. Thus, the attributes obtained from each method can be merged into a comprehensive structural representation that, if supplemented with computational approaches, may even yield near-atomic level models. Though the number of studies combining these two MS-based approaches is thus far exceedingly low, we expect that the urge to tackle more challenging biological systems will trigger the everincreasing use of this integrative mode. In this respect, one hurdle that must yet be overcome is that each MS method demands its own specialized mass spectrometer. With the advent of modern Orbitrap mass spectrometers, 82 capable of analyzing small peptides as well as very large protein complexes at high resolution, the instrumental gap between crosslinking/MS and native MS methods will be bridged.
